(j? M £5/ & 



09) 




(12) 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 





(11) 



EP 1 039 593 A2 



EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

27.09.2000 Bulletin 2000/39 

(21) Application number: 00105778.5 

(22) Date of filing: 18.03.2000 



(51) int. ci. 7 : H01S 3/094, H01 S 3/1 6, 
H01S 3/067 



(84) Designated Contracting States: 

AT BE CH CY DE DK ES R FR GB GR IE IT LI LU 
MC NL PT SE 

Designated Extension States: 
AL LT LV MK RO SI 

(30) Priority: 19.03.1999 JP 7570499 
03.06.1999 JP 15674599 

(71) Applicant: NEC CORPORATION 
Tokyo (JP) 



(72) Inventor: 

Kasamatsu, Tadashi, 
c/o NEC Corporation 
Minato-ku, Tokyo (JP) 

(74) Representative: 

Patzold, Herbert, Dr. 

Patzold, Tandler, Riegger & Kollegen, 

Steubstrasse 10 

82116 Grafelfing (DE) 



(54) Laser amplifier and laser oscillator 

(57) A laser amplifier and/or oscillator comprise a 
gain medium including rare earth dopant in a host 
medium. Ions of the rare earth dopant has an energy 
level structure including a ground level and a pair of 
laser upper level and laser lower levels between which a 
stimulated transition is to be produced after production 
of a population inversion between the pair of laser upper 
and laser lower levels. A first exciting light source is cou- 
pled to the gain medium for introducing first exciting light 
to said gain medium to produce said population inver- 
sion. A second exciting light source is coupled to the 
gain medium for introducing second exciting light 
source to the gain medium to raise the rare earth 
dopant ions from the ground level to the laser lower 
level. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] Trie present invention relates to a laser oscil- 
lator and a laser amplifier, and particularly to a solid- 
state laser incorporating a gain medium including a rare 
earth dopant species, and more particularly to a fiber 
laser. 

2. Description of the Related Art 

[0002] Rare earth doped lasers are key devices in 
optical data transmission systems, in laser processing 
systems and in laser medical systems. Examples of 
rare earth dopant species are erbium (Er). hotmium 
(Ho), thulium (Tm), and praseodymium (Pr). The rare 
earth doped lasers include glass lasers (for example, 
fiber lasers), solid laser oscillators, and laser amplifiers 
(for example, fiber amplifiers). 

[0003] Erbium ions are excited by light from an 
exciting light source having a wavelength of 1.48 urn 
(microns) or light from an exciting light source having a 
wavelength of 0.98 (microns). When excited, they 
are raised to an upper laser energy level of 4 l 13 /2- from 
which stimulated transition to a lower energy level of 
\$i2 is to be produced. Production of this stimulated 
transition causes an erbium doped optical fiber to 
exhibit gain spectra range from 1 .53 jimto 1.57 pm with 
1.55|im as a central wavelength. Transition of erbium 
ions from 4 l 13/2 to 4 l 15y2 has fluorescent spectra range 
from 1 .50 nm to 1 .60 *im. This means that a satisfactory 
gain can be obtained at 1 .60 \xxr\ bend by optimally set- 
ting wavelength of exciting light and fiber parameters, 
such as, the strength and length of fiber and the density 
of erbium dopant. 

[0004] Recently, attempts have been reported to 
make a shift of the peak of gain spectra toward a longer 
wavelength side with the fluorescent band (in the neigh- 
borhood of 1 60pm). As an example of an attempt to 
achieve such a shift. Ono et al., "Gain-Flattened Er 3 *- 
Doped Fiber Amplifier for a WIDM Signal in the 1.57- 
1.60- \xm Wavelength Region," IEEE Photonics Tech- 
nology Letters. Vol. 9. No. 5 May 1997 pages 596-598 
describe that 200 m is the optimum length of silica- 
based Er 3 * -doped fiber for constructing an Er 3 * -doped 
fiber amplifier (EDFA). which exhibits uniform amplifica- 
tion characteristic in the 1.57-1.60 jim wavelength 
region. 

[0005] With regard to erbium, the above-mentioned 
shift of gain spectra, which is hereinafter referred to as 
"a gain shift", is hey technique in accomplishing amplifi- 
cation over a wide wavelength band. The gain shift tech- 
nique is very important in next generation wavelength 
division multiplexing (WDM) data transmission systems. 
[0006] With regard to any other stimulated transi- 



tion of erbium than the transition from 4 l 13/2 to 4 lis^, 
there is no example of an attempt to make a gain shift. 
This is because the above-mentioned gain shift tech- 
nique is applicable to the stimulated transition to the 
5 ground state level, only. Gain shift technique has not 
been developed with regard to stimulated transitions to 
energy levels other than the ground state level, which 
are regarded as important stimulated transitions for 
industrial applications. Examples of such important 
10 stimulated transitions are a stimulated transition of 
thulium (Tm) from 3 F 4 to 3 H 4 (1.47 Mm band), and a 
stimulated transition of praseodymium (Pr) from 1 G 4 to 
3 H 5 (1.3 \xm band), which are suitable in optical data 
transmission systems because these stimulated transi- 
ts tions have wavelengths that belong to a wavelength 
band with a low transmission loss through an optical 
ftoer. Other examples are a stimulated transition of 
erbium (Er) from 41 11/2 to 4 l 13/2 (2.7 fim band), and a 
stimulated transition of holmium (Ho) from 5 l 6 to 5 l 7 (2-9 
20 pm band), which may be used in medical field as a laser 
surgical knife because of extremely high capability of 
absorbing the OH' group in organic compounds consti- 
tuting a human body. A gain spectrum or oscillatory 
spectrum inherent with the transitions are substantially 
25 the same as a fluorescent spectrum (a spectrum of 
emission cross section) of emission due to transition 
from an upper level to a lower level, and it is peculiar to 
the material. 

[0007J Figure 9 illustrates the energy level structure 
30 of thulium (Tm) dopant within fluoride-based glass and 
a conventional exciting technique or level scheme. Flu- 
oride-based glass fiber with a thulium doped core exhib- 
its a fluorescent spectrum, having a range of 
wavelengths from 1.45 urn to 1.50 \un with 1 .47jim as a 
35 central of wavelength, due to a transition from 3 F 4 to 
3 H 4 . The gain medium is pumped by light derived from 
an exciting light source having a 1.05 M m wavelength 
band (ranging from 1.04 to 1.07 urn) and raised from a 
ground level to a 3 F 4 level with a high efficiency through 
40 two-stage excitation scheme (involving excited state 
absorption) as illustrated in Figure 9, resulting in pro- 
duction of laser amplification and laser oscillation at 
1.47 fim band. This technique is disclosed in JP-B2 
2688303. 

45 [00081 Wavelength dependency of the gain fiber 
amplifier gain is substantially identical with the fluores- 
cent spectrum and has a single ridge profile having its 
peak at 1 .47 jam. 

[0009] Accordingly, a need remains to provide a 
so laser amplifier and a laser oscillator, which are capable 
of carrying out amplification over a longer wavelength 
band than ever in each of the before listed important 
transitions. 

55 SUMMARY OF THE INVENTION 

[0010J An object of the present invention is to pro- 
vide a laser amplifier and a laser oscillator incorporating 
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a transition to an energy level higher than a ground 
level, which amplifier and oscillator are capable of carry- 
ing out amplification over a longer wavelength band 
than ever by utilizing a gain shift technique. 
[0011] According to the present invention, therm is 5 
provided a laser amplifier and/or oscillator comprising: 



BRIEF DESCRIPTION OF THE DRAWINGS 

30 

[0012] 

Figure 1 illustrates an energy level structure of 
thulium (Tm) and a level scheme according to the 
present invention. as 
Figure 2 is a schematic view of a fiber amplifier 
according to the present invention. 
Figure 3 is a graphical representation of ASE spec- 
tra of a thulium-doped fiber amplifier according to 
the present invention and the conventional compar- 40 
ative example of a thulium-doped fiber amplifier. 
Figure 4 is a graphical representation of amplified 
gains produced by the first embodiment and the 
conventional comparative example. 
Figure 5 is a schematic view of a fiber laser oscilla- 45 
tor according to the present invention. 
Figure 6 is a graphical representation of oscillation 
spectra of a thulium-doped fiber laser oscillator 
according to the present invention and the conven- 
tional comparative example of a thulium-doped so 
fiber laser oscillator. 

Figure 7 illustrates an energy level structure of 
erbium (Er) and a level scheme according to the 
present invention. 

Figure 8 illustrates an energy level structure of hoi- 55 
mium (Ho) and a level scheme according to the 
present invention. 

Figure 9 illustrates an energy level structure of 



thulium (Tm) and a level scheme according to the 
conventional art. 

Figure 10 is a graphical representation of a fluores- 
cent spectrum produced by the conventional level 
scheme of thulium. 

Figure 11 is a graphical representation of gain 
spectra used to explain a fifth embodiment of a fiber 
amplifier according to the present invention. 
Figure 12 is a schematic view of a sixth embodi- 
ment of a fiber amplifier according to the present 
invention. 

Figure 13 is a graphical representation of gain 
spectra used to explain the sixth embodiment. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

[Preferred Implementation of the Present Invention] 

[0013] In the preferred implementation according to 
the present invention, a first exciting light creates 
inverse population between two desired energy levels, 
thereby to accomplish laser amplification upon stimu- 
lated transition between the two energy levels. With a 
second exciting light, the dopant ionic density at the 
lower energy level is increased, thus causing the effec- 
tive gain peak to shift toward the longer wavelength 
side. A description on the action of the second exciting 
light is made below. 

[0014] The gain g(X) per unit length of a laser ampli- 
fier can be expressed by the following equation: 

g(X)-o em (A)N u -a abs (X)N L (1), 

where: 

X is the wavelength, 

°emM ' s the stimulated emission cross section 
(peculiar to material) from an upper energy level to 
a lower energy level, 

CT at>sM *s the absorption cross section (peculiar to 
material) from the lower energy level to the higher 
energy level. 

Ny is the average dopant ionic density at the upper 
level along the length, and 

N L is the average dopant ionic density at the lower 
level along the length. 

[0015] If the lower level dopant ionic density N L is 
extremely lover than the upper level dopant ionic density 
N v , the profile of the gain g(X) is the same as the wave- 
length dependency of stimulated emission cross section 
o em (X), and it has a peak wavelength that is peculiar to 
material. If, due to introduction of a second exciting 
light, the lower level dopant ionic density N L is higher 
than a negligible level, the gain spectrum g(X) fails to be 
the same as the stimulated emission cross section 
CT emM because the term ©^(XJNl is no longer negligi- 



a gain medium including rare earth dopant in a host 
medium, ions of said rare earth dopant having an 
energy level structure including a ground level and 10 
a pair of laser upper level and laser lower levels 
between which a stimulated transition is to be pro- 
duced after production of a population inversion 
between said pair of laser upper and laser lower 
levels, said pair of laser upper and laser lower lev- 15 
els being higher than said ground level; 
a first exciting light source coupled to said gain 
medium for introducing first exciting light to said 
gain medium to produce said population inversion; 
and 20 
a second exciting light source coupled to said gain 
medium for introducing second exciting light source 
to said gain medium to raise ions of said rare earth 
dopant from said ground level to said laser lower 
level, said second exciting light having a wave- 25 
length band different from a wavelength band of 
said first exciting light. 
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ble in the equation (1). With regard to the peak wave- 
lengths of the stimulated emission cross section o em W 
and the absorption cross section a^X). the peak 
wavelength of a om (X) is longer than the peak wave- 
length of CTabaM in transition between two energy levels 5 
except where both o em {k) and ct^X) intersect. Accord- 
ingly, if the lower level dopant ionic density N L is not 
negligible, a reduction in gain due to absorption at 
shorter wavelength side is great while a reduction in 
gain due to absorption at longer wavelength side is w 
small. As a result, the peak of the profile of gain g(X) 
moves toward the longer wavelength side as the upper 
level population increases, thus providing the desired 
gain shift. 

(0016] Preferred examples of rare earth dopant is 
species, which may be used in the preferred implemen- 
tation according to the present invention, are erbium 
(Er). holmium (Ho), thulium (Tm), and praseodymium 
(Pr). Rare earth dopant species, which may be used in 
the present invention, is not limited to these examples. 20 
Any other rare earth dopant species may be used as 
long as it has a stimulated transition between upper and 
lower energy levels that are higher than a ground level. 
[001 7] The rare earth dopant species is added to a 
host medium of a solid laser or a fiber laser. In most 25 
cases, the host medium is glass. If the glass is melted to 
form a fiber, the length of the fiber can be optimized to 
obtain a gain as high as the desired level. Thus, the fiber 
configuration is preferred. Examples of glass are silica 
glass, phosphate glass, borate glass, germanium glass, 30 
telluride glass, fluorozirconiumate glass, and fluoro- 
phosphoric acid glass. Among them, fluorozirconiumate 
glass is preferred because the phonon energy is the 
lowest and transition between a pair of levels having a 
small energy difference (that is, transition at long wave- 35 
length) is not a non-radiation transition but a radiation 
transition that produces emission of light. 
[001 8] A first exciting light source must produce first 
light that has wavelength and strength great enough to 
produce population inversion between a pair of upper 40 
and lower levels that are higher than a ground level. The 
wavelength and strength are chosen taking into account 
a difference in energy between the pair of levels. A sec- 
ond exciting light source must produce second light that 
has wavelength and strength great enough to raise <5 
dopant ions from the ground level to the lower level. The 
wavelength and strength are chosen taking into account 
a difference in energy between the lower and ground 
levels. 

[001 9] If. for example, thulium ions (Tm 3+ ) are used so 
as dopant species, it is preferred that the first exciting 
light source produces first light having wavelengths 
ranging from 1.04 to 1.07 jim. and the second exciting 
light source produces second light having wavelengths 
ranging from 1 .53 to 1 .90 urn. 55 
[0020] If. for example, erbium ions (Er 3 *) are used 
as dopant species, it is preferred that the first exciting 
light source produces first light having wavelengths 



ranging from 0.81 to 0.98 urn, and the second exerting 
light source produces second light having wavelengths 
ranging from 1.45 to 1 .57 |im. 
[0021] If, for example, holmium ions (Ho 3+ ) are 
used as dopant species, it is preferred that the first 
exciting light source produces first light having wave- 
lengths ranging from 0.89 to 1.15 |im, and the second 
exciting light source produces second light having 
wavelengths ranging from 1 .8 to 2.1 \xm. 
[0022] The preferred implementation according to 
the present invention finds increasing use for many 
applications, particularly in fiber amplifiers or in laser 
oscillators. A resonator is required to form a laser oscil- 
lator. 

[00231 If the preferred implementation is to find use 
in next generation WDM transmission systems for wid- 
ened wavelength range, a fiber amplifier including first 
and second exciting light sources is coupled in series 
with a conventional fiber amplifier that incorporate emis- 
sion derived from stimulated transition between a pair of 
energy levels produced after excitation by a single excit- 
ing light source. 

[Preferred Embodiments] 

[0024] The present invention is further described 
along with various embodiments as follows. 

[First Embodiment] 

[0025] A description is made on the first embodi- 
ment according to the present invention. Thulium (Tm) 
doped fluoride-based glass fiber is used as an amplifier 
fiber and a transition from 3 F 4 to 3 H 4 (1 ,47um band) has 
been observed. Figure 1 clearly illustrates the stimu- 
lated transition produced by excitation by the first and 
second exciting light. Figure 2 illustrates one example of 
a fiber amplifier according to the present invention. 
[0026] Referring to Figure 2, the fiber amplifier has 
20 m of amplifier optical fiber 1 , which has thulium (Tm) 
in fluorozirconiumate host glass and a core with a diam- 
eter of 2.0 |im. The density of thulium (Tm) is 2000 ppm. 
A first exciting light source 2 incorporates a yttrium (Yb) 
fiber laser (maximum output: 500 mW) that produces 
laser light in 1.05 \i m wavelength band. To introduce 
this laser light into the doped fiber 1 to produce a popu- 
lation inversion, a wavelength multiplex coupler 3 cou- 
ples the first exciting light source 2 to the fiber 1. In a 
practical implementation, it may be necessary to include 
isolators 4 and 5 at signal input and output ports, 
respectively, to reject undesired laser power. A semi- 
conductor laser is used as a signal light source. Signal 
light 8 derived from the semiconductor laser has a 
wavelength band from 1 .45 to 1 .55 \im and has an input 
level -20 dBm. For measurement of ASE (Amplified 
Spontaneous Emission) spectrum, the input level is set 
to 0 dBm when the signal light is used as a saturation 
signal. The reference numeral 9 designates an ampli- 
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tied signal. 

[0027] A second exciting light source 6 includes an 
erbium doped fiber amplifier (maximum output: 100 
mW) that produce amplified light or second exciting light 
in 1 .55 jim wavelength band. A wavelength multiplex s 
coupler 7 couples the second exciting light source 6 to 
the thulium doped fiber 1. Viewing in Figure 2. the sec- 
ond exciting light is introduced to the fiber 1 at the input 
side of the wavelength multiplex coupler 3. The inven- 
tion is not limited to the illustrated manner of incidence to 
of the second exciting light. The second exciting light 
has a wavelength that falls in wavelength spectrum of 
absorption transition from a bottom level of thulium (Tm) 
to the level of 3 H 4 . This absorption transition spectrum 
has a peak at approximately 1 .65 and extends as far is 
as 1 .9 u m. In this illustrated example, the wavelength of 
the second exciting light is set at 1 .56 that is a wave- 
length located in foot of the spectrum. Initially, tests 
were conducted by varying the wavelength of the sec- 
ond exciting light within a range from 1.53 to 1.57 zo 
without any great difference in results. 
[0028] Figure 3 illustrates spectra of ASE in the 
illustrated system. The reference numeral 10 indicates a 
spectrum of a 1.46 urn band saturation signal (input 
level: 0 dBm), which is used to fix a population inversion 25 
of the fiber amplifier. The reference numeral 12 desig- 
nates a spectrum of the second exciting light (wave- 
length: 1.56 um). The reference numerals 13 and 14 
designate spectra of the first exciting lights with different 
power outputs of 140 mW and 200 mW, respectively. 30 
These spectra has a single ridge profile having its peak 
at 1 .47 um wavelength band. This profile is substantially 
the same as the profile of the translucent spectrum of 
thulium (Tm) illustrated in Figure 10. The single ridge 
profile remains unaltered even if the power output is var- 35 
ied from 140 mW to 200 mW. ASE output becomes 
great due to this variation. 

[0029] In addition to the first exciting light with 14, 
the second exciting light with 100 mW has been intro- 
duced into the thulium-doped fiber 1. When the total 40 
exciting power of the first and second exciting lights is 
240 mW, a shift in the profile has occurred. As shown by 
a spectrum 1 1 in Figure 3, the resultant profile has a 
portion suppressed on the short wavelength side and 
has a peak that has been shifted toward the longer 45 
wavelength side from the peak at 1 .47 um. The amount 
of the shift of the peak ranges from 10 to 15 nm. 
[0030] Figure 4 illustrates a gain spectrum obtained 
with the first exciting light only and a gain spectrum 
obtained with both first and second exciting lights. Intro- so 
duction of the first exciting light with 200 mW only has 
produced the gain spectrum having a peak at 1.49 um 
as shown in Figure 4. Introduction of second exciting 
light with 60 mW in addition to first exciting light with 140 
mW has produced a gain spectrum having a peak at ss 
1 .49 jim. Thus, a gain shift from 1 .47 urn to 1 .49 jim has 
taken place. A reduction in effective gain may be com- 
pensated for by elongation of the fiber length. 



[Second Embodiment] 

[0031] Figure 5 is a schematic illustrating the con- 
struction of the second embodiment of a thulium-doped 
fiber laser according to the present invention. First and 
second exciting light sources 2 and 6 are the same as 
their counterpart in the first preferred embodiment. At 
one end of a thulium-doped optical fiber 1, a rear mirror 
15 is provided. The rear mirror 15 has no reflection 
against the wavelengths of the first and second exciting 
lights and total internal reflection against an oscillation 
wavelength band. At the other end of the optical fiber 1 , 
an output mirror 16 is provided. The output mirror 16 
has a partial reflection against the oscillation wave- 
length band. The first and second exciting lights from 
the sources 2 and 6 are emitted to a free space. After 
being emitted into the free space, the first and second 
exciting lights pass through a lens 17, a lens 18, a dich- 
roic mirror 19 and the rear mirror 15, and enters the 
thulium-doped fiber 1 . The lenses 1 7, 1 8 and the mirrors 
19, 1 5 are constructed and arranged as to guide the first 
and second exciting lights to be introduced into the fiber 
1 from the one end thereof. Through the output mirror 
16. the fiber 1 outputs fiber laser oscillation light 20. 
[0032] Figure 6 illustrates a laser oscillation spec- 
trum produced by the second embodiment in compari- 
son with a laser oscillation spectrum produced by a 
thulium fiber laser excited by the first exciting light only. 
Oscillation of laser at longer wavelength side of 1 .49 nm 
has occurred irrespective of the fact that no wavelength 
selection element, such as, a grating and a prism, are 
inserted into the laser resonator. With the thulium- 
doped fiber laser excited by the first exciting light only, a 
laser oscillation is found at the wavelength of 1 .47 jim, 
which corresponds to the peak of the fluorescent spec- 
trum. 

[Third Embodiment] 

[0033] As the third embodiment according to the 
present invention, a stimulated transition of erbium (Er) 
from 4 l 11/2 to 4 l 13/2 (2.7 jim band) has been observed. 
Figure 7 illustrates the energy level structure of erbium 
(Er). With the first exciting light having 0.81 um in wave- 
length or that having 0.98 ^im in wavelength, it is possi- 
ble to produce a population inversion between 4 h 1/2 and 
4 li3/2. and to produce a gain in 2.7 u.m wavelength band 
by a stimulated transition. Using the second exciting 
light having a wavelength falling between 1.45 um and 
1 .55 u.m, the erbium dopant ions are excited and raised 
from a ground level to the lower level 4 l ia/2 A shift in 
gain spectrum toward the longer wavelength side is 
made. 

[0034] In this third embodiment, the second exciting 
light source includes an erbium fiber laser that produces 
a laser oscillation at 1 .55 in wavelength. Referring 
back to Figure 5. the erbium-doped fiber laser has 100 
cm of optical fiber 1, which has erbium (Er) in fluorozir- 
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coniumate host glass. The density of erbium (Er) is 
1000 pom. With the introduction of the first exciting light 
only, a laser oscillation in the neighborhood of 2.7 \xm in 
wavelength is found. With the introduction of both the 
first and second exciting lights, a laser oscillation at 
2.8um in wavelength is found. Thus, a shift in oscillation 
wavelength toward the longer wavelength side is made. 

{Fourth Embodiment} 

[0035] As the fourth embodiment according to the 
present invention, a stimulated transition of holmium 
(Ho) from 5 l 6 to 5 I 7 has been observed. Figure 8 illus- 
trates the energy level structure of holmium (Ho). With 
the first exciting light having 0.89um in wavelength band 
from a semiconductor laser or that having 0.98um in 
wavelength band from a fiber laser, it is possible to pro- 
duce a population inversion between 5 lg and 5 l7, and to 
realize a gain spectrum having a peak at 2.85 ^m in 
wavelength. Referring again to Figure 5, a holmiunv 
doped fiber laser has 2 m of optical fiber 1 , which has 
holmium (Ho) in host fluoride-based glass. The density 
of holmium (Ho) is 5000 ppm. As the second exciting 
light source, a conventional semiconductor laser is 
used, which is capable of producing a wavelength range 
from 1.8 urn and 2.1 urn. With introduction of both the 
first and second exciting lights, a shift in oscillation 
wavelength toward the longer wavelength side is made. 
The shift has amounted to about 1 0 nm. 

[Fifth Embodiment] 

[0036] The fifth embodiment according to the 
present invention may be regarded as an improvement 
version of the first embodiment A detailed study is 
made on gain spectrum that has been produced by 
exciting a gain medium of thulium-doped optical fiber 
(density of thulium: 2000 ppm, the fiber length: 20 m) of 
a fiber amplifier in a system as illustrated in Figure 2. 
[0037] Input signal power is -30 dBm. input signal 
wavelength ranges from 1 450 to 1540 nm. end power of 
the first exciting light (1050 nm) is 100 mW. Similarly to 
the first embodiment, an ytterbium (Yb) doped fiber 
laser is used as the first exciting light source 2. Ampli- 
fied output from a 1.55 \im band erbium-doped fiber 
amplifier is used as the second exciting light source 6. A 
study is made on gain spectra produced after varying by 
stages power of the second exciting light (1560 nm) 
from 0 mW to 35.3 mW. The gain spectra are illustrated 
in Figure 11. In Figure 1 1 , the curves (3) to © are gain 
spectra obtained with power levels of the second excit- 
ing light of 0 mW. 8 mW. 12 mW, 20 mW, and 35.3 mW. 
[0038] Figure 11 clearly reveals that, when the 
power level of the second exciting light is about 10 % of 
the power level of the first exciting light (see spectra © 
and @). an increase in gain exceeding 7 dB is 
observed in wavelength band range from 1460 am to 
1480 nm. Thus, a gain efficiency is enhanced from 0.2 



dB/mW to 0.26 dB/mW. When the power level of the 
second exciting light (20 mW) is about 20 % of the 
power level of the first exciting light (see spectrum ®). 
the flattening of the gain band as we as its shift toward 

s the longer wavelength side are observed. When the 
power level of the second exciting light (35.3 mW) is 30 
% of the power level of the first exciting light (see spec- 
trum ©). the peak of the gain drops to about 1 0 dB with 
widened gain band range from 1480 nm to 1510 nm as 

to well as noticeable amount of gain shift. 

[0039] From the above, it is appreciated that the 
present invention proved to be effective in not only a 
gain shift, but also improvement on gain efficiency 
(dB/mW) and flattening of gain. 

75 

[Sixth Embodiment] 

[0040] In the sixth embodiment, a greater gain shift 
and a higher gain are accomplished by increasing the 

20 fiber length taking into account the results obtained in 
the fifth embodiment. Referring to Figure 12. three 
thulium-doped fiber modules, each having a 20 m 
thulium-doped fiber 1 , are coupled in series. Per each 
thulium-doped fiber 1, first exciting light and second 

25 exciting light are introduced with power levels 300 mW 
and 30 mW. respectively, in the same manner as the 
first embodiment. Optical elements are not illustrated in 
Figure 12. 

[0041] Figure 13 shows a gain spectrum obtained 
3D by the sixth embodiment in comparison with a gain 
spectrum obtained by the comparative example. In Fig- 
ure 13. the gain spectrum <2> is obtained by the sixth 
embodiment. A high gain of 30 dB is obtained in the 
wavelength range from 1480 nm to 1510 nm. the gain 
35 spectrum © is obtained by the comparative example. 
Comparison reveals considerable improvements in gain 
shift and gain efficiency. 

[0042] In the description on the various embodi- 
ments, the invention has been described along with 
40 specif ic examples of the rare earth dopant species, the 
first exciting light source, and the second exciting light 
source. However, the invention is not limited to these 
illustrated examples. 

[0043] Other examples of the second exciting light 
45 source are semiconductor laser, erbium-doped fiber 
laser, solid lasers of various kinds, and an appropriate 
combination of them. For example, a light source com- 
bining a semiconductor laser with a fiber amplifier may 
be used. Specifically, a 1 .55 urn band DFB laser in com- 
50 bination with an erbium-doped fiber amplifier may be 
used. 

[0044] While the present invention has been partic- 
ularly described, in conjunction with preferred embodi- 
ments, it is evident that many alternatives, modifications 
55 and variations will be apparent to those skilled in the art 
in light of the foregoing description. It is therefore con- 
templated that the appended claims will embrace any 
such alternatives, modifications and variations as falling 
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within the true scope and spirit of the present invention. 
Claims 

1 . A laser amplifier comprising : 

a gain medium including rare earth dopant in a 
host medium, ions of said rare earth dopant 
having an energy level structure including a 
ground level and a pair of laser upper level and 
laser lower levels between which a stimulated 
transition is to be produced after production of 
a population inversion between said pair of 
laser upper and laser lower levels, said pair of 
laser upper and laser lower levels being higher 
than said ground level; 

a first exciting light source coupled to said gain 
medium for introducing f rst exciting light to said 
gain medium to produce said population inver- 
sion; and 

a second exciting light source coupled to said 
gain medium for introducing second exciting 
light source to said gain medium to raise ions of 
said rare earth dopant from said ground level to 
said laser lower level, said second exciting light 
having a wavelength band different from a 
wavelength band of said first exciting light. 

2. The laser amplifier as claimed in claim 1, wherein 
said rare earth dopant is selected from a group con- 
sisting of thulium (Tm). holmium (Ho), erbium (Er) 
and praseodymium (Pr). 

3. The laser amplifier as claimed in claim 1, wherein 
said host medium is fluorozirconiumate glass. 

4. The laser amplifier as claimed in claim 1, wherein 
the ions of said rare earth dopant are thulium ions 
(Tm 3 *), and wherein said first exerting light source 
produces light having a wavelength band ranging 
from 1 .04 jim to 1 07 jim, and said second exciting 
tight source produces light having a wavelength 
band ranging from 1.53 jim to 1.90 Jim. 

5. The laser amplifier as claimed in claim 1, wherein 
the ions of said rare earth dopant are erbium ions 
(Er 3 *), and wherein maid first exciting light source 
produces light having a wavelength selected from a 
wavelength of 0.81 um and a wavelength of 0.98 
jim, and said second exciting light source produces 
light having a wavelength band ranging from 1.45 
pm to 1.57 um. 

6. The laser amplifier as claimed in claim 1, wherein 
the ions of said rare earth dopant are holmium ions 
(Ho 3+ ), and wherein said first exciting light source 
produces light having a wavelength selected from a 
wavelength of 0.89 \im and a wavelength of 1.15 



um, and said second exciting light source produces 
light having a wavelength band ranging from 1 .8 \xm 
to 2.1 pm. 

5 7. The laser amplifier as claimed in claim 1 , wherein 
said host medium is an optical fiber in configuration. 

8. A laser oscillator comprising: 

10 a gain medium including rate earth dopant in a 

host medium, ions of said rare earth dopant 
having an energy level structure including a 
ground level and a pair of laser upper level and 
laser lower levels between which a stimulated 

' 5 transition is to be produced after production of 

a population inversion between said pair of 
laser upper and laser lower levels, said pair of 
laser upper and laser lower levels being higher 
than said ground level; 

20 a first exciting light source coupled to said gain 

medium for introducing first exciting light to said 
gain medium to produce said population inver- 
sion; and 

a second exciting light source coupled to said 
25 gain medium for introducing second exciting 

light source to said gain medium to raise ions of 
said rare earth dopant from said ground level to 
said laser lower level, said second exciting light 
having a wavelength band different from a 
30 wavelength band of said first exciting light. 

9. The laser oscillator as claimed in claim 8, wherein 
said rare earth dopant is selected from a group con- 
sisting of thulium (Tm), holmium (Ho), erbium (Er) 

35 and praseodymium (Pr). 

10. The laser oscillator as claimed in claim 8, wherein 
said host medium is fluorozirconiumate glass. 

40 11. The laser oscillator as claimed in claim 8. wherein 
the ions of said rare earth dopant are thulium ions 
(Tm 3+ ), and wherein said first exciting light source 
produces light having a wavelength band ranging 
from 1 .04 um to 1 .07 jim, and said second exciting 
light source produces light having a wavelength 
band ranging from 1 .53 um to 1 .90 um. 

12. The laser oscillator as claimed in claim 8, wherein 
the ions of said rare earth dopant are erbium ions 
(Er 3 *), and wherein said first exciting light source 
produces light having a wavelength selected from a 
wavelength of 0.81 M m and a wavelength of 0.98 
jim, and said second exciting light source produces 
light having a wavelength band ranging from 1 .45 
Mm to 1.57 )im. 

13. The laser oscillator as claimed in claim 8, wherein 
the ions of said rare earth dopant are holmium ions 
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(Ho 3+ ). and wherein said first exciting light source 
produces light having a wavelength selected from a 
wavelength of 0.89 jim and a wavelength of 1.15 
jim, and said second exciting light source produces 
light having a wavelength band ranging from 1 .8 \ur\ 5 
to 2.1 Jim. 

14. The laser oscillator as claimed in claim 8. wherein 
said host medium is an optical fiber in configuration. 

w 

15. An apparatus for widening a wavelength band of a 
gain comprising: 

a first laser amplifier: and 

a second laser amplifier coupled to said first is 
laser amplifier in series, 
wherein said first laser amplifier has: 
a gain medium including rare earth dopant in a 
host medium, ions of said rare earth dopant 
having an energy level structure including a 20 
ground level and a pair of laser upper level and 
laser lower levels between which a stimulated 
transition is to be produced after production of 
a population inversion between said pair of 
laser upper and laser lower levels, said pair of 25 
laser upper and laser lower levels being higher 
than said ground level. 

a first exciting light source coupled to said gain 
medium for introducing first exciting light to said 
gain medium to produce said population inver- 30 
sion; and 

a second exciting light source coupled to said 
gain medium for introducing second exciting 
light source to said gain medium to raise ions of 
said rare earth dopant from said ground level to 35 
said laser lower level, said second exciting light 
having a wavelength band different from a 
wavelength band of said first exciting light, end 
wherein said second laser amplifier has a stim- 
ulated transition produced after production of a <o 
population inversion between a pair of energy 
levels. 

16. A process of widening a wavelength band of a gain 
utilizing an apparatus as claimed in claim 15. 4$ 
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